Silica-based nanomaterials are generally considered to be excellent candidates for therapeutic applications particularly related to skeletal metabolism however the current data surrounding the safety of silica based nanomaterials is conflicting. This may be due to differences in size, shape, incorporation of composite materials, surface properties, as well as the presence of contaminants following synthesis. In this study we performed extensive in vitro safety profiling of ~50 nm spherical silica nanoparticles with OH-terminated or Polyethylene Glycol decorated surface, with and without a magnetic core, and synthesized by the Stöber method. Nineteen different cell lines representing all major organ types were used to investigate an in vitro lethal concentration (LC) and results revealed little toxicity in any cell type analyzed. To calculate an in vitro therapeutic index we quantified the effective concentration at 50% response (EC 50 ) for nanoparticlestimulated mineral deposition activity using primary bone marrow stromal cells (BMSCs). The EC 50 for BMSCs was not substantially altered by surface or magnetic core. The calculated Inhibitory concentration 50% (IC 50 ) for pre-osteoclasts was similar to the osteoblastic cells. These results demonstrate the pharmacological potential of certain silica-based nanomaterial formulations for use in treating bone diseases based on a favorable in vitro therapeutic index.
Introduction
The advent of nanotechnology has provided new opportunities to package and deliver bulk forms of certain elements with the increased surface area associated with the nanoscale potentially enhancing, or producing novel biological effects. Further, the excitement surrounding the applications of nanotechnology to medicine, in part, revolves around the almost unlimited possibilities for varying physicochemical aspects such as size, shape, and surface properties. Other critical parameters in the design of nanomaterials for biomedical application are the type(s) of material and synthesis method (Ha et al., 2013b) . Because of the novel properties of materials associated with the nano size careful consideration of toxicity is required before these agents can be applied to biomedicine . One particular challenge to the further therapeutic development and use of nanomaterials is the wide range of cell types that a systemically applied agent may encounter. Cells of different lineages/origins have divergent functions and membrane properties, which might alter the cellular response to physicochemical properties of nanomaterials, and therefore a comprehensive understanding of the biological effects of various nanomaterials on differing cell types has only begun to be investigated. The use of nanomaterials as therapeutics, particularly in the case of non-cancer therapeutics, is still in the early stages and defining a rational progression towards in vivo testing has yet to be established.
Dietary silica is defined as a "generally regarded as safe" (GRAS) agent by the US-Federal Drug Administration (FDA) (GRAS Notice Inventory: GRN 000321), although the inhalation of man-made silica or byproducts has long been recognized as a health hazard due to inflammation and tissue fibrosis (Hamilton et al., 2008) . Silica as a nanomaterial can be easily and reproducibly controlled in regards to size and shape. Silica is amenable to use in composite materials and can be synthesized as mesoporous particles for drug delivery (Tang et al., 2012) . Collectively, silica represents a desirable material for use in nanomedicine however a comprehensive toxicological validation has not been performed for the wide ranging forms of the material. Previous studies investigating the biocompatibility of silica nanomaterials have produced varying responses likely due to physical characteristics such as size distribution, shape, hydrophilicity, porosity, and the possibility of unrecognized negative effects of contaminants such as surfactants, which are all a product of the synthesis method . Drug discovery requires the characterization of both efficacy (pharmacology) and safety (toxicity) mediated by on-target as well as off-target effects. We propose that the first step to applying nanomaterials to biomedicine for therapeutic applications is assessment of in vitro toxicology by measuring cell viability to establish the lethal concentration (LC) for on-target and off-target effects and in vitro pharmacology by establishing an effective concentration (EC). The ratio of toxicity to efficacy then allows for the calculation of a therapeutic index (TI), also referred to as "safety margin" (Muller and Milton, 2012) . We have recently reported a silica based nanoparticle formulation that leads to enhanced bone mineral density (BMD) in young mice . Bone homeostasis is regulated by two key cell types; bone forming osteoblasts that derive from the mesenchymal lineage and bone resorbing osteoclasts, which derive from the hematopoietic lineage (Aubin, 1998; Teitelbaum, 2000) . Because of the paucity of safety data surrounding nanoparticles as therapeutics we endeavored to create a framework to perform basic in vitro toxicology screening and to define a therapeutic index for our 50nm silica based nanoparticles for bone mineralization in vitro.
We have leveraged multiple facets of the synthesis and material choice in engineering nanoparticles for applications in bone biology. Using the Stöber method (Stober et al., 1968) , spherical nanoparticles can be reproducibly synthesized in terms of size and shape as well as spanning a wide range of sizes (nm to μm) and in combination with the resulting high dispersibility in liquids, silica and silica based materials are promising drug development materials (Barik et al., 2008; Rahman et al., 2009 ). Because of the potential important therapeutic applications of this nanomaterial we have now investigated LC 50 (Lethal Concentration 50 -the concentration required to kill 50% of a cell population) and LC 90 via XTT assay and uptake efficiency of four different variations of spherical silica based nanoparticles in 19 different cell lines representing all major organ types. The four different ~50nm particles were engineered with incorporated rhodamine B for visualization as follows: 1) NP1-an unmodified silica particle with an intrinsic OH surface; 2) NP1-PEGa silica particle with polyethylene glycol (PEGylated) modified surface; 3) NP1-MNP-a cobalt-ferrite (CoFe 2 O 4 ) core particle with silica shell; and 4) NP1-MNP-PEG-a metal core particle with PEGylated surface. The EC 50 (Effective Concentration 50 -the concentration required to produce 50% of maximum biological activity) and EC 90 (the concentration required to produce 90% of maximum biological activity) was determined for two preosteoblast cell types; the MC3T3-E1 pre-osteoblast cell line and primary murine bone marrow stromal cells (BMSCs) as well as the monocytic pre-osteoclast cell line RAW264.7. In combination with the cell viability assays an in vitro therapeutic index (TI) was calculated. The EC 50 for mineralization was not found to be substantially influenced by nanoparticle surface properties and slightly altered by the presence of a metal core. Collectively, our results suggest a broad range of biocompatibility of 50nm silica nanoparticles and a favorable in vitro therapeutic index indicative of a drug candidate.
Materials and Methods

Silica nanoparticles
Fifty nm fluorescent silica based nanoparticles were synthesized by the Stöber method as previously described Ha et al., 2009; Yoon et al., 2005; Yoon et al., 2006) . The Stöber method which does not require a surfactant and results in spherical particles with both internal and surface silanol groups (Lee et al., 2011) which in turn improves dispersibility and the ability to further modify the surface with organosilane compounds. The surface silanol groups make them dispersible in polar solvents, such as ethanol and water, and tissue culture media. We have termed this particle NP1. The size and shape of silica nanoparticles were characterized by transmission electron microscope, TEM (H-7600, Hitachi, Tokyo, Japan). To calculate size distribution TEM images were used analyze 500 nanoparticles using ImageJ program version 1.46 (Schneider et al., 2012) . Zeta potential was measured using a Zetasizer Nano ZS90 (Malvern Instruments Ltd, Malvern, UK). Chemicals for the synthesis of nanoparticles were obtained from Sigma (St. Louis, MO) and Gelest (Morrisville, PA).
General method for synthesis of fluorescent silica nanoparticle (NP1)
To enhance our ability to track our particles in cells and tissues the highly fluorescent and photostable dye rhodamine B was incorporated into the silica (Ha et al., 2009) . TMSP-RhB (20 mg) and tetraethyl orthosilicate (0.86 g) was dissolved in ethanol. Ammonia (1 ml) and water were added with stirring overnight. The silica nanoparticles were centrifuged, washed three times, and the nanoparticles dispersed in ethanol for subsequent surface-modification or PBS for cell culture. Synthesis of (trimethoxysilylpropyl)-rhodamine B (TMSP-RhB); Rhodamine B (0.5 g (1.04 mmol)), 0.54 g (3.12 mmol) of allyl iodide, and 1.02 g (3.12 mmol) of cesium carbonate were dissolved in dried DMF, and was stirred at 60°C for a day. The mixture was extracted with methylene chloride and washed three times with water. The organic layer was concentrated by rotary evaporator and residual DMF removed by vacuum distillation. Finally, 0.511 g (94.6 %) of the resulting powder was separated by column chromatography with methylene chloride and methanol. 50 mg (0.096 mmol) of the obtained allyl-rhodamine B, 25 mg (0.192 mmol) of trimethoxysilane, and catalytic amounts of Pt/C was dissolved in freshly dried methanol. After reflux for 1 day, the catalyst was removed by Celite filtration. Solvent and excess trimethoxysilane were removed by vacuum and 60.8 mg (98.7%) of TMSP-RhB was obtained as dark-reddish oil.
Synthesis of fluorescent magnetic core-silica shell nanoparticles (NP1-MNP)
An electron dense metal core is advantageous for contrast imaging such as transmission electron microscopy (TEM) or MRI and consequently a third composition was synthesized incorporating a cobalt-ferrite (CoFe 2 O 4 ) core with silica shell (termed herein as NP1-MNP), as described previously (Ha et al., 2013a; Yoon et al., 2005) . Cobalt ferrite solution (34.7 ml, 20 mg/ml MNP solution in water) was added to polyvinylpyrrolidone solution (PVP; 0.65 ml; Mr 55,000 Da, 25.6 g/L in H 2 O), and the mixture was stirred for 1 day at room temperature. The PVP-stabilized cobalt ferrite nanoparticles were separated by addition of aqueous acetone (H 2 O/acetone=1/10, v/v) and centrifugation at 4000 rpm for 10 min. The supernatant solution was removed and the precipitated particles were redispersed in ethanol (10 ml). Multigram-scale preparation of PVP-stabilized cobalt ferrite nanoparticles was easily reproduced in this modified synthetic method. A mixed solution of TEOS/TMSP-RhB molar ratio=0.3/0.04) was injected into the ethanol solution of PVP-stabilized cobalt ferrite. Polymerization initiated by adding ammonia solution (0.86 ml; 30 wt% by NH 3 ) as a catalyst produced cobalt ferrite-silica core-shell nanoparticles containing organic dye. These nanoparticles were dispersed in ethanol and precipitated by ultracentrifugation (18000 rpm, 30 min). This washing process was repeated 3 times, and nanoparticles were finally dispersed in ethanol for the surface-modified step or in water for the cell culture.
PEGylation of nanoparticles (NP1-PEG and NP1-MNP-PEG)
The addition of PEG to the surface enhances circulation time by avoiding the reticuloendothelial system often referred to as a "stealth" effect (Jokerst et al., 2011) . PEG was attached by generating new Si-O chemical bonding on the surface of NP1 and NP1-MNP using a condensation reaction between the silanol and methoxysilane in PEG and these nanoparticles are referred to as NP1-PEG and NP1-MNP-PEG. Purified NP1 or core-shell nanoparticles NP1-MNP (45 mg) were re-dispersed in absolute ethanol (10 ml) and then treated with 2-[methoxy(polyethyleneoxy)propyl] trimethoxysilane (PEG-Si(OMe) 3 : 125 mg, 0.02 mmol), CH 3 O(CH 2 CH 2 O) 6-9 -CH 2 CH 2 CH 2 Si(OCH 3 ) 3 , at pH 12 (adjusted with NH 4 OH). The molecular weight of the Polyethylene oxide (PEO) repeating unit is 264-396. The resulting NP1-PEG or NP1-MNP-PEG was washed and centrifuged in ethanol three times and sterile water once.
Cell culture
The following cells were used in our studies: human cell lines: A549, H441, and HBE (lung), HCT 116 and SW620 (colon), HEK (kidney), HepG2 (liver), HL-60 (blood), Jurkat (T cell), RAMOS (B cell), MCF-7 and MDA-MB-231 (breast), PC-12 (neuron), SKOV3 (Ovarian), HUVEC (endothelial), and murine cell lines: MC3T3-E1 (calvarial osteoblast) and RAW264.7 (monocyte/macrophage) and primary human and mouse BMSC (bone marrow stromal cells). 16-HBE cells were primary cultures transformed with SV40 (Cozens et al., 1994) and provided by Xian Fan (Emory University). Human BMSCs were obtained from volunteers undergoing ileac crest surgery as described in (Beck et al., 2013) under an approved Emory IRB protocol. Mouse BMSCs were obtained by centrifugation of the marrow as described in . Mouse and human BMSCs and MC3T3-E1 cells were cultured in α-Modified Eagle's Medium (α-MEM; Thermo Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA) . H441 and Jurkat cells were cultured in RPMI-1640 (Lonza, Walkersville, MD) supplemented with 10% FBS. PC-12 cells were cultured in RPMI-1640 supplemented with 5% FBS and 10% horse serum (ATCC). The other cells, A549, HBE, HCT116, HEK, HepG2, HL-60, MCF-7, MDA-MB-231, RAW264.7, and SW620 were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Mediatech Inc.) supplemented with 10% FBS. HUVECs were purchased from Life Sciences (Invitrogen) and cultured in Medium 200PRF (Invitrogen, Carlsbad, CA) with Low Serum Growth Supplement kit (LSGS kit; Invitrogen). All growth medium were supplemented with 1% L-glutamine (Invitrogen), and 1% of penicillin/streptomycin (Thermo Scientific). All cell lines were cultured at 37° C in 5% CO 2 . Nanoparticles were added from stock solutions of approximately 5mg/ml and directly added to the cell culture medium for the desired final concentration.
Cell viability assays
Cell viability was measured for all cell types using a commercial XTT (3-(4,5dimethylthiazol-2-yl)-5-(3-carboxylmethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium) assay according to the manufacturer's protocol (Promega, Madison, WI). Cells were plated at 5×10 3 cells per well (~50-60% confluent) in 96 well plates. After 24 hours, nanoparticles were added as indicated. After 3 days the cells were analyzed using XTT (20μl in 100 μl) assay reagent on a spectrophotometer (SpectraMAX250, Molecular Devices). The concentration of nanoparticles tested was 0, 10, 30, 100, 300, and 1000 μg/ml.
Osteoblast differentiation, mineralization and alkaline phosphatase assays
MC3T3-E1 and BMSC cells were plated in 6 or 12 well plates for 3 to 4 days, and differentiation/mineralizing medium (growth medium supplemented with 10 mM βglycerophosphate and 50μg/ml ascorbic acid) was added as described previously (Beck et al., 1998) . Differentiation medium was changed twice per a week. Mineralization was visualized by staining with 40mM Alizarin Red S (Sigma Chemical Co., St. Louis, MO) for 15 minutes. Excess stain was removed by washing with distilled water. Enzyme activity was measured in whole cell lysates using a kit from Sigma as described previously (Beck et al., 1998) . The calculations of EC 50 and EC 90 were performed by Origin software (OriginLab Corporation, Northampton, MA).
In vitro osteoclastogenesis assays
To induce osteoclast formation RAW264.7 cells were cultured in αMEM supplemented with 10% FBS and treated with 25ng/mL RANKL (R&D Systems, Minneapolis, MN). After 7 days TRAP + multinucleated cells (≥ 3 nuclei) were quantitated under light microscopy and normalized for size based on number of nuclei as described (Vikulina et al., 2010) .
Internalization efficiency
After incubating cells with nanoparticles for 3 days, excess nanoparticles were removed by washing with 1x PBS (3 times) and the cells examined by fluorescent microscopy (Nikon Eclipse TS100, (Nikon, Melville, NY) G-2E/C LP filter set). Fluorescent pictures were analyzed using ImageJ version 1.46 (Schneider et al., 2012) . Internalization was quantified semi-quantitatively on a scale ranging from lowest "+" to highest '++++'.
RNA extraction, cDNA synthesis, and qRT-PCR for genes related to osteoblast differentiation
RNA was extracted using TRIzol reagent following the manufacturer's protocol (Invitrogen). The RNA concentration was quantified by spectrophotometer (Smart Spec ™ Plus, BioRad) and complementary DNA (cDNA) was synthesized using QuantiTech Reverse Transcription kit (Qiagen, Valencia CA). qRT-PCR was performed using EvaGreen qPCR master mix (Biotium, Hayward CA) on an Applied Biosystems-7000 thermocycler. Primers to osteoblast differentiation marker genes (osteopontin, osteocalcin, and Runx2) were designed using qPrimerDepot software (http://mouseprimerdepot.nci.nih.gov/) and sequences are as follows: 18S; F-5′-TTGACGGAAGGGCACCACCAG-3′, R-5′-GCACCACCACCCACGGAATCG-3′, OPN; F-5′-ATTTGCTTTTGCCTGTTTGG-3′, R-5′-TGGCTATAGGATCTGGGTGC-3′, OSC; F-5′-TGACAAAGCCTTCATGTCCA-3′, R-5′-ATAGCTCGTCACAAGCAGGG-3′, Runx2; F-5′-ACACCGTGTCAGCAAAGC-3′, R-5′-GCTCACGTCGCTCATCTTG-3′. Results were calculated using the 2 (−ΔΔCt) method (Livak and Schmittgen, 2001) .
Statistical analyses
Statistical significance was determined using GraphPad InStat version 3 for Windows XP (GraphPad Software). Single comparisons were performed using Student's t-test; multiple comparisons were performed by 1-way ANOVA with Dunn's Multiple Comparisons posttest. P ≤ 0.05 was considered significant. *P < 0.05; **P < 0.01; ***P < 0.001) compared to unstimulated control and $ P<0.05 compared to untreated nanoparticle control.
Results
Synthesis and surface modification of silica nanoparticles
The goal of this study was to investigate the safety profile relating to the potential therapeutic use of 50nm silica based nanoparticles for bone anabolic actions. Nanoparticles were synthesized by Stöber method and the highly fluorescent and photostable dye rhodamine B was incorporated into the silica (Ha et al., 2009) . Additional particles were synthesized with a cobalt-ferrite (CoFe 2 O 4 ) core with silica shell (termed herein as NP1-MNP), as described previously (Ha et al., 2013a; Yoon et al., 2005) . PEG was attached and these nanoparticles are referred to as NP1-PEG and NP1-MNP-PEG. The four nanoparticles were characterized by TEM and zeta potential. The spherical shape and approximate 50nm size were confirmed using transmission electron microscopy (TEM) ( Figure 1A,B,C,D) . The successful addition of PEG was confirmed by zeta potential (Fig. 1E ).
Internalization rates of silica nanoparticles in various cell types
We first quantified the relative rate of internalization in our panel of cell types exposed to silica nanoparticles for 3 or 7 days. Our tissue/cell types were based on the potential interaction in vivo and included 19 cell lines as "off-target" and 4 bone related cells "ontarget". Internalization of nanoparticles into cells was visualized and quantified by fluorescence microscopy. The number of internalized particles, based on fluorescent intensity under identical camera exposure settings, was increased proportionally with medium concentration and was maximal at 300μg/ml (data not shown) however all concentrations demonstrated detectable cellular fluorescence by at least 7 days of exposure ( Figure 2 ). Fluorescent intensity was quantified using Image J software and grouped by quartile (+ = lowest 25% and ++++ = highest 25%). In general, bone related cells showed consistently high uptake efficiency after three days of exposure while off-target cells varied widely (Table 1) . Based on our fluorescent microscopy experiments described herein we have determined that after 72 hours addition of 300μg/ml of nanoparticles or less demonstrated undetectable fluorescence in the medium suggesting essentially complete internalized by cells. This occurred regardless of surface property or metal core as we have previously reported for NP1 and NP1-PEG (Ha et al., 2013a) . The ability of the cells to completely internalize concentrations of nanoparticles up to 300μg/ml emphasizes the active uptake by the cells as opposed to achieving equilibrium. However, concentrations of 300-1000μg/ml resulted in the detection of particles in the medium based on fluorescence regardless of core or surface property while internalization was still maximal. This suggests at these higher concentrations reach full cellular saturation beyond which uptake is either actively suppressed or a steady state is achieved. In this case the rate of exocytosis would be equal to the rate of endocytosis. Further, we began to visually detect aggregation of the nanoparticles at concentrations above 1,000μg/ml and therefore, for our in vitro cytotoxicity measurements we considered a concentration of 1,000μg/ml to be the upper limit to produce a biologically meaningful result. This in vitro concentration range should be broad enough to encompass projected in vivo ranges up to an intravenous injection of 100mg/kg body weight in mice.
In vitro toxicity profile of silica nanoparticles in various cell types
To determine the median 50% lethal concentration, (LC 50 ) and lethal concentration 90% (LC 90 ) all off-target cell lines were exposed to a concentration range of 0 to 1,000 μg/ml of nanoparticles for 3 days (Table 1) . Results revealed that the LC 50 and LC 90 were not achieved at 1,000 μg/ml with all cells exhibiting at least 75% cell viability compared to vehicle treated control after incubation for 3 days (Figure 2 ). Our previous studies have identified two key cells involved in skeletal remodelling, bone forming osteoblasts and bone resorbing osteoclasts, as key functional targets of silica nanoparticles . We thus further investigated toxicity in terms of LC 50 on target cells including; primary mouse and human BMSC, the murine pre-osteoblast cell line MC3T3-E1 and the pre-osteoclast cell line RAW264.7. All cells were exposed to a dose range of 0 to 1,000 μg/ml NP1-PEG nanoparticles for 3 days and cell viability quantified by XTT assay. Results revealed that LC 50 and LC 90 were greater than 1,000 μg/ml and all cells exhibited at least 85% cell viability, relative to control (Table 1) . We also demonstrated the lack of toxicity from particles lacking PEG (NP1) or containing a cobalt ferrite core (NP1-MNP) or PEGylated surface (NP1-MNP-PEG) in representative cell lines (Table 1) . Collectively, the results suggest a broad safety profile in cells representing a range of potential in vivo target organs.
Effective Dose 50 of silica nanoparticles for osteoblast mineralization
Towards the goal of developing a therapeutic index as well as identifying the effects of surface property and metal core on maximizing biological effect(s) we directly compared the ability of NP1 and PEG variant to enhance osteoblast mineralization. Osteoblast cells derive from the mesenchyme lineage (BMSCs) and are the cells responsible for the formation of hydroxyapatite (bone mineral) and bone matrix (protein component of bone, predominantly collagen type I), and therefore maintenance of skeletal mass. Cells from this lineage can be differentiated in culture by the addition of ascorbic acid to the culture medium and given a source of phosphate will form a collagen matrix with hydroxyapatite mineral (Beck et al., 1998) . To quantify the enhancement of mineralization by our nanoparticles we treated mouse BMSCs with a concentration range of particles (0-25μg/ml) in the presence of osteoblast differentiation medium (Ascorbic acid + β-Glycerophosphate). Medium and particles were changed every two to three days and plates stained with alizarin red S to visualize mineralization, at 11 days. The results revealed that NP1 and NP1-PEG greatly accelerated mineral nodule formation in mouse BMSCs ( Figure 3A ) and quantification of mineralization using the image J program and Origin software resulted in an EC 50 of ~1μg/ ml ( Figure 3B , Table 2 ). The addition of PEG resulted in a slight decrease in efficacy; however this difference is likely within the variability of the assay. We additionally tested the effects of NP1-MNP in both mouse BMSCs and the pre-osteoblast cell line MC3T3-E1. Cells were differentiated and stained as above. Results suggested that the metal core particles had a similar stimulatory effect on osteoblast mineralization in mouse BMSCs (Fig.  4A ) and that the stimulation of these primary cultures were very similar to the pre-osteoblast cell line (Fig. 4B) . The EC 50 for NP1-MNP was calculated and produced a similar stimulation between the two cell types (~18-33μg/mL) but was less than the non-metal core nanoparticles (NP1 and NP1-PEG) ( Table 2 ). The above results allowed us to determine an in vitro therapeutic index for our nanoparticles. Our silica-based nanoparticles displayed a TI of at least ~750 for NP1 and NP1-PEG (Table 2) with no detectable toxicity at saturating concentrations suggesting a highly favorable safety profile.
Silica nanoparticles enhance osteoblast differentiation
Osteoblast differentiation is marked by an increase in alkaline phosphatase (ALP) enzyme activity. We therefore measured ALP activity in cell lysate in mBMSCs treated with NP1-PEG for 7 days. Results revealed an increase in response to addition of nanoparticles ( Figure  5A) . We additionally analyzed a number of osteoblast marker genes by qRT-PCR to confirm the stimulation of differentiation including; osteopontin (OPN) and osteocalcin (OSC), secreted proteins representative of the later stages of differentiation and more closely associated with the mineralization stage (Beck et al., 2000; Karsenty et al., 1999) and Runx2, a specific transcription factor necessary for osteoblast differentiation (Karsenty et al., 1999) . BMSCs were treated with NP1-PEG (10μg/mL) for 10 days and RNA isolated for analysis ( Figure 5B-D) . The expression of these differentiation marker genes were strongly stimulated by addition of NP1-PEG. We performed a similar analysis of MC3T3-E1 cells treated with NP1-MNP for 10 days and obtained nearly identical results ( Figure 5E-H) . The results suggest that our 50nm silica nanoparticles, regardless of surface property or core are able to influence osteoblast differentiation at concentrations that also enhance mineralization. These results support the specific bio-active nature of the particles at EC 50 dose and the favorable in vitro therapeutic profile.
Metal core silica nanoparticles inhibit osteoclast differentiation
Bone homeostasis is the net result of osteoblast and osteoclast function. Osteoclasts derive from the hematopoietic lineage and are the cell type responsible for bone resorption. We have reported that NP1 may establish a favorable bone remodelling state by not only promoting bone formation, but also by suppressing osteoclast differentiation . A commonly used cell line to study the differentiation of osteoclasts is the murine monocytic osteoclast precursor cell line, RAW264.7. We calculated an IC 50 for osteoclast suppression by nanoparticles following the induction of osteoclast differentiation by addition of the key osteoclastogenic cytokine Receptor activator of nuclear factor kappa-B ligand (RANKL). Osteoclasts, by convention, are defined as Tartrate Resistant Acid Phosphatase (TRAP) positive staining cells containing ≥ 3 nuclei. RAW264.7 cells were differentiated to osteoclasts by the additional of RANKL (25ng/mL) for 7 days in the presence of increasing amounts of NP1. Our results revealed a strong inhibition of osteoclast differentiation ( Figure 6A ). We quantified the number of osteoclasts per well and calculated an IC 50 for osteoclast inhibition ( Figure 6B ). The IC 50 for NP1 in osteoclast inhibition (~9 μg/ml) is similar the EC 50 for osteoblast mineralization (~1 μg/ml) (Table 2) suggesting a desirable property for a therapeutic.
Discussion
Previous studies on the safety profile of silica based nanomaterials have generated conflicting results regarding safety with varying degrees of toxicity that may be due to differences in size and shape and synthesis method. (Barik et al., 2008; Herd et al., 2011; Nan et al., 2008; Napierska et al., 2010) . Size is an important influence on the tolerance of cells to silica based nanomaterials. For example, in human endothelial cells small amorphous silica nanospheres of 14-16 nm causes pronounced cytotoxicity in cell survival assays while larger nanoparticles (60 nm, 104 nm and 335 nm) showed significantly less toxicity (Napierska et al., 2009) . Results have also suggested some toxicity in cell types such as fibroblasts, pre-adipocytes, endothelial, and melanoma cells dependent on size and surface properties (Huang et al., 2011; Napierska et al., 2009; Stepnik et al., 2012) . However, in agreement with our results, 40-80nm silica particles showed no toxicity in HUVEC cells (30,000 NPs/cell) (Bauer et al., 2011) and mesoporous silica nanoparticles were reported to retain over 80% viability in A375 melanoma cells exposed to at a 1000 μg/ ml dose (Huang et al., 2010) . We were interested in determining whether the effects on adherent relative to non-adherent cells would vary as less information exists on these cell types. However, these cells showed over 80% viability at 1,000 μg/ml, which was similar to adherent cell lines suggesting that potential differences in membrane surface exposure does not alter toxicity. Taken together our results suggest that ~50nm is a biocompatible size for a wide variety of cell types with diverse functions.
In vivo, the toxicity of amorphous silica nanoparticles has also produced varied results with some studies finding no toxicity (Kumar et al., 2010; So et al., 2008) and others reporting some degree of hepatotoxicity (Isoda et al., 2013; Nishimori et al., 2009a, b) . A recent study investigating the effects of nano-silica size on liver toxicity used 30, 50, 70nm sized commercially purchased silica particles injected intravenously into eight-week-old BALB/c male mice (Isoda et al., 2013) . The smaller particle size (30nm) resulted in greater liver toxicity with 50nm producing an intermediate effect at 40mg/kg and no toxicity below 30mg/kg. Another study in mice reported that 50nm spherical silica nanoparticles with magnetite cores showed no evidence of histopathological changes in major organs when injected intraperitoneal for 4 weeks at doses as high as 100 mg/kg . Attesting to the significance of synthesis method and shape, nonporous silica nanospheres (Stöber) were found to result in minimal hemolytic activity whereas mesoporous silica nanospheres and silica nanorods resulted in significant hemolysis (Yu et al., 2011) . Size of silica nanoparticles has also been demonstrated to affect hemolysis with those <100nm resulting in almost no hemolytic activity (Rabolli et al., 2010) . Collectively, these studies suggest that in vivo cytotoxicity, similar to in vitro cytotoxicity, can be strongly affected by concentration, size, shape, and surface properties of nanomaterials, as well as the synthetic methods, which also result in potential differences in biological activity (dos Santos et al., 2011; Huang et al., 2010; Napierska et al., 2010) . Therefore, determining the in vitro cellular toxicity or safety is a logical first step for any unique nanomaterial before expanding into extensive and more costly therapeutic applications.
Although bone has a highly structured matrix it is still a very dynamic tissue constantly being renewed through cycles of resorption and formation. These properties make bone particularly suited to therapeutic targeting by nanotechnology through drug delivery to both cells and matrix (Tautzenberger et al., 2012) . The enhancement of mineralization by NP1 could result from a physical interaction in extracellular environment or cell matrix with calcium and phosphate to enhanced hydroxyapatite formation or through an enhancement of cell differentiation as previously suggested . However, a study of amorphous silica and titania gel prepared by the sol-gel method demonstrated formation of hydroxyapatite in a simulated body fluid as a result of the materials numerous surface OH groups, which can interact with calcium ions and initiate calcium phosphate or hydroxyapatite growth (Li et al., 1994) . These results suggest a purely chemical/physical interaction in contrast to our results. While crystalline or highly structured condensed materials with less OH groups due to the free OH groups being bound with metals during the annealing process were much less effective at interacting with calcium and phosphate (Zhuravlev, 1987) . However, alumina, which has no crystallinity and high OH groups on the surface and positive charge has been shown not to generate apatite under similar conditions (Li et al., 1994) . More recently, Shimizu and colleagues demonstrated that multi-welled carbon nanotubes pellet with collagen induce bone calcification and these carbon materials have no OH groups (Shimizu et al., 2012 ).
PEGylation of the particle surface reduces the number of OH groups resulting in a nearly neutral charge (−5 to+1 mV) relative to the negatively charged OH-bearing nanoparticles (−40 to −30 mV), as measured by zeta potential. We compared the ability of NP1 and NP1-PEG to enhance BMSC mineralization (Table 2 ) and the results revealed a very similar EC 50 and EC 90 suggesting that surface properties/charge, in this case, do not strongly influence the biological effect in vitro and support the notion that these nanoparticles alter cell behavior not the physical process of hydroxyapatite formation.
Although surface property did not alter the enhancement of mineralization we somewhat surprisingly did detect a difference between NP1 and the composite particle with metal core NP1-MNP (Table 2) . Because both particles are covered with the same amorphous silica, the difference is unlikely directly due to the metal core, particularly in light of the lack of toxicity of these particles (Table 1) . One explanation is a difference in weight. NP1 and NP1-MNP have the same 50 nm size, but their weight is different (the theoretical density of cobalt ferrite, 5.29 g/ml (Shenker, 1957) , is heavier than silica ~ 1.0 g/ml. Based on our calculations, NP1-MNP is ~27% heavier than NP1 and because we are adding the particles on a weight per volume basis we calculate that the number of NP1-MNP particles added at the same concentration is actually ~25% less than NP1. This equates to approximately 1.59×10 13 to 1.20×10 13 total NP1 and NP1-MNP nanoparticles per 1mg weight respectively. It is thus reasonable to postulate that the apparent increased efficacy of NP1 is due to the fact that the number of particles on a per cell basis is increased in the NP1 cultures relative to NP1-MNP. Taken with the lack of effect of the surface property the results suggest that the effect of the particles on mineralization is due more to changes in cell behavior than an influence of the particles on physicochemical reactions in the matrix.
Growing evidence suggests that dietary silica is beneficial to bone (Jugdaohsingh et al., 2008; Macdonald et al., 2012) . Low silicon diets have been demonstrated to result in reduced BMD and mineral content in rodents (Carlisle, 1970 (Carlisle, , 1972 Seaborn and Nielsen, 2002a, b) and epidemiologic studies in humans support a positive correlation between silica intake and BMD (Jugdaohsingh, 2007; Macdonald et al., 2012) . Furthermore, silica deficiency leads to detrimental effects on the skeleton including bone deformities, poorly formed joints, defects in cartilage and collagen, and disruption of mineral balance in the femur and vertebrae (Martin, 2007) . Silica is being intensively investigated as a beneficial compound in hydroxyapatite/bioceramic artificial bone scaffolds and bioactive glass, where it is reported to enhance osteoconductivity and proliferation (Gibson et al., 1999; Keeting et al., 1992; Ning et al., 2005; Silver et al., 2001; Zou et al., 2009) . A number of studies have reported beneficial effects of silica in various forms and micron sizes on osteoblast proliferation including changes in specific genes/proteins such as alkaline phosphatase (Feng et al., 2007; Wiens et al., 2010; Zhou et al., 2011) . Our recent in vivo studies using 50 nm silica nanoparticles confirmed positive influence on the skeleton as measured by an increase in BMD and we now define these 50nm particles as possessing a favorable in vitro safety profile.
In summary, previous studies have suggested the potential use of silica and silica based nanomaterials for biomedical applications (Rahman et al., 2009) , however the physicochemical properties of nano-silica remain to be fully elucidated. In the current study, our 50nm spherical silica nanoparticles synthesized by the Stöber method displayed a favorable therapeutic index suggesting the potential for use as a drug. Our silica-based nanoparticles displayed a TI of at least ~500-1000 with minimal toxicity at saturating concentrations suggesting a high safety profile. The TI is the ratio of LD 50 (or LC 50 ) and ED 50 (or EC 50 ), and an effective therapeutic should have a broad TI resulting in higher safety profile and decreased possibility of a drug overdose that is associated with a narrow TI. The US FDA defines a narrow TI as less than a 2-fold difference in LD 50 and ED 50 or in the minimum toxic concentrations and minimum effective concentrations in the blood (21 CFR 320.33(c)). Additionally, these results emphasize the potential use of nano-silica itself as a bio-active substance which could be manipulated for beneficial osteo-regulatory purposes. More broadly, the results suggest a general lack of toxicity of ~50nm spherical silica based nanomaterials when synthesized as described in the text, at medium saturating concentrations in key tissue cell types providing support for use as a therapeutic. Finally, we believe that establishing an in vitro therapeutic index, using a panel of cell types will be an important prerequisite prior to embarking on more time consuming and costly in vivo studies in future nanoparticle development.
Highlights
• 50nm fluorescent silica particles with varied surface and core properties were used
• Cells representing major organ types were used to investigate an in vitro toxicity
• These nanoparticles displayed no toxicity at concentrations of 1000ug/mL • EC50 and IC50 were developed for effects on osteoblasts and osteoclasts • Our nanoparticles display a favorable therapeutic index suggesting use as a drug The same cell lines were imaged after incubation with 1,000μg/ml of NP1-PEG for 7 days. All images were taken after removal and washing of non-internalized nanoparticles.
Figure 3. Mineralization induced by NP1 and NP1-PEG
Mineralization induced by silica-based nanoparticles. (A) Mouse bone marrow stromal cells (BMSCs) were cultured in osteoblast differentiation medium with the indicated concentrations of NP1 or NP1-PEG for 7-10 days or control (growth medium) and stained for calcium deposition with Alizarin red S. (B) The mineralization in the wells was quantified using Image J, averaged (±SEM), and plotted as percent change from the highest value to calculate the EC 50 . N=9. *p<0.05; **p<0.01; ***p<0.001 compared to unstimulated control. $ p<0.05 compared to untreated nanoparticle control. Mineralization induced by metal core silica nanoparticles. (A) Mouse bone marrow stromal cells (BMSCs) and MC3T3-E1 cells were cultured in osteoblast differentiation medium with the indicated concentrations of NP1-MNP or control (growth medium) for 10 days and stained for calcium deposition with Alizarin red S. (B) The mineralization in the wells was quantified using Image J, averaged (±SEM), and plotted as percent change from the highest value to calculate the EC 50 . N=5-6. *p<0.05; **p<0.01; ***p<0.001 compared to unstimulated control. $ p<0.05 compared to untreated nanoparticle control.
Figure 5. ALP enzyme activity and gene expression
Enzyme activity and gene expression induced by silica-based nanoparticles; BMSCs cells were treated with the indicated concentrations of NP1-PEG for 7 days in osteoblast differentiation medium and alkaline phosphatase (ALP) activity quantified (A) or 10μg/ml for 7 days and RNA harvested for qRT-PCR analysis of the osteoblast marker genes osteopontin (OPN), osteocalcin (OSC), and Runx2 (B-D). MC3T3-E1 cells were treated with the indicated concentrations of NP1-PEG in osteoblast differentiation medium for 10 days and ALP activity quantified (E) or 10μg/ml NP1-MNP for 7 days and RNA analyzed (F-H). The results were normalized to 18S and are expressed as fold change from control +/ − SD of 3 replicates. Data are representative of three independent experiments. *p<0.05 and **p<0.01 compared to osteoblast control (student T test). 
